The recent discovery of H3S and LaH10 superconductors with record high superconducting transition temperature, Tc, at high pressure has fueled the search for room-temperature superconductors in superhydrides. Our results indicate the existence of a previously-unreported hexagonal HfH10, which exhibits an extraordinary high superconducting Tc of around 213-234 K at 250 GPa. In HfH10, H atoms are clustered to form a planar "penta-graphene-like" sublattice, in contrast to the clathrate-like structure found in LaH10. The Hf atom acts as a precompressor and electron donor to the hydrogen sublattice. The HfH10 hexagonal structure is also found in ZrH10, ScH10 and LuH10 under high pressure, each compound showing a high Tc ranging from 134 to 220 K. Electronegativity, atomic radius, and valence configuration of the metal element are all found to play critical roles in the stabilization of the hydrogen sublattice, and fine-tune the superconductivity of these compounds. Our study of dense superhydrides with "penta-graphene-like" structures opens the door to the exploration and exploitation of a new class of high Tc superconductors.
Main
The development of room temperature superconductors is the ultimate goal for much of superconductivity research. The application of the Bardeen-Cooper-Schrieffer (BCS) theory suggests that metallic hydrogen is likely to be a good candidate for attaining high-temperature superconductivity, due to its high Debye temperature and strong electron-phonon coupling [1] [2] . Conceptually, metallization can be achieved in pure hydrogen by dissociating the H2 molecules under extreme conditions. Evidence for molecule dissociation has been found in the high-pressure phases of solid hydrogen, where the vibrons decrease rapidly in frequency with increasing pressure 3 , indicating the weakening of the intramolecular bonding along the way to transition to the metallic state. However, although there have been extensive attempts to synthesize metallic hydrogen [4] [5] , there is a lack of consensus on reported "successes", and superconductivity has never been measured in any of the reported phases.
In the face of tremendous difficulties in the synthesis of pure metallic hydrogen, many investigators have suggested that metallic hydrogen maybe achieved through alternative approaches, by way of 'precompressing' hydrogen species in a matrix of another element 6 , as a compound.
Specifically, highly compressed hydrogen-dominant hydrides are predicted to be able to attain a metallic state and may, therefore, exhibit high Tc superconductivity due to such 'chemical precompression' since the charge density required for metallization can be achieved at lower pressure than that required for pure hydrogen. Recently, the search for high-Tc superconductivity has been expanded from the known species [7] [8] to hitherto unknown hydrides, through high-pressure synthesis following theoretical predictions [9] [10] [11] [12] [13] [14] [15] [16] [17] . Remarkably, two of the predicted hydrides, H3S [18] [19] [20] and LaH10 [21] [22] , have been successfully synthesized recently and exhibit record high Tc. H3S has a bcc lattice of S with H atoms located halfway between the S atoms, exhibiting covalent metallic characteristics. LaH10 has a clathrate-like structure of H with La atoms filling the clathrate cavities, and has been described as an extended metallic hydrogen host structure stabilized by the guest electron donor (La).
Interestingly, neither of the distinctly and fundamentally different hydrogen structures exhibited by H3S and LaH10 follow the earlier prediction that superconducting hydrides would adopt twodimensional sublattices of hydrogen 23 . Indeed, pure solid hydrogen itself also features pronounced layer-like characters. A prominent example is the phase IV of hydrogen that consists of strongly bonded H2 molecules and weakly bonded graphene-like sheets [24] [25] . This structure is considered an important intermediate between the molecular (insulating) and atomic (metallic) crystalline phases of hydrogen.
Here, we predicted a high-pressure phase of hafnium decahydride which adopts a structure that lies somewhere in between atomic and layered hydrogen. In HfH10, the H atoms form planar clusters with three H5 pentagons, analogous to penta-graphene, while Hf atoms are intercalated between the clusters on the same plane. Our unique HfH10 with "penta-graphene-like" hydrogen structure is calculated to show an estimated high Tc of 213-234 K at 250 GPa. A new class of superhydrides, MH10 (M = Zr, Sc and Lu), which are isostructural with HfH10, have also been predicted to be stable or metastable at high pressure, and all predicted to display high superconducting Tc.
Structures of new hydrides and their stabilities
Given that most of the recently discovered superconducting superhydrides are stable at pressures above 100 GPa, some even at pressures higher than 300 GPa, we set our initial structure searches at 300 GPa. Extensive random structure searches were carried out for 40 compositions which resulted in the generation of approximately 15,000 structures, among which HfH24 showed the highest hydrogen content. A convex hull was constructed for the predicted compounds and from this compounds that lay on or within ∼ 0.1 eV/atom above the convex hull were selected for refined structural optimization with higher criteria [ Fig. S1 ]. For all thermodynamically stable stoichiometries (those on the convex hull), HfH10 showed the highest hydrogen content. Subsequently, fixed-composition searches were carried out restricting the Hf:H ratio to at, or below, 1:10, i.e., HfHx (x=1-10), and these were performed at 100, 200 and 300 GPa. These searches revealed five stable stoichiometries at various pressures, e.g., HfH, HfH3, HfH4, HfH6 and HfH10, in addition to the previously known compounds of HfH2 and Hf4H15 [26] [27] . Considering the non-negligible quantum effects associated with hydrogen, the zero-point energy (ZPE) was calculated and included in our calculations of the formation enthalpies of predicted Hf-H compounds, carried out with respect to the elemental hafnium and hydrogen end members [ Fig. 1 ]. Here, the compounds on the convex hull are thermodynamically stable and, in principle, experimentally synthesizable under corresponding pressures. As can be seen, HfH is predicted to be stable with I4/mmm symmetry from 100 GPa to 200 GPa, then transforms into R3 ̅ m at 300 GPa. HfH2 adopts the I4/mmm structure between 100 GPa and 200 GPa, and then breaks down with respect to a mixture of Hf and HfH3 at 300 GPa. HfH3 is stabilized in a Pm3 ̅ n structure at 100 GPa, and remains so to at least 300 GPa. Hf4H15 is predicted to be stable below 200 GPa with space group of I4 ̅ 3d. HfH4 is stable between 200 and 300 GPa in a Fddd structure, while HfH6 is only stable at 300 GPa in a Cmc21 structure. More importantly, HfH10 (the phase we found with the highest hydrogen content) is found to be stable at 300 GPa. Two structures, one adopting a P63/mmc structure and the other crystallising in P1 ̅ symmetry, were found to be energetically competitive for HfH10. At 300 GPa, The P1 ̅ structure is calculated to be more enthalpically favorable than the P63/mmc structure, but the latter is slightly more stable once the ZPE is included, with the energy difference within 2 meV/atom. It is therefore argued here that the two structures are both potentially valid structures for HfH10. The discovery of apparently stable or metastable structures of HfH10 prompt us to further study the Zr-H system at 300 GPa [see Fig. S2 ]. As might be anticipated, ZrH10 adopts the same two competitive structures P1 ̅ and P63/mmc as HfH10. For high-pressure synthesis, which usually also involves high temperatures, the experimentally realized compounds may often be metastable phases 28 .
The recently discovered high-Tc superconducting LaH10 [21] [22] , for example, is a metastable compound lying above the convex hull that was previously predicted by Peng et al. 16 .
Fig. 1. Formation enthalpies of predicted HfHx (x=1-10) structures including ZPEs with respect to decomposition into Hf and H under pressure.
Open symbols represent unstable configurations with respect to mixing lines on the convex hull, while solid symbols on the convex hull represent stable configurations. The asterisk near convex hull represents the metastable structure. The Im3 ̅ m structure for hafnium 29 , the P63/mc, C2/c and Cmca-12 structures for hydrogen 25 were adopted at the endmembers.
The crystal structures of the most stable phase found for each HfHx stoichiometry are illustrated in Figs. 2 and S3. In HfHx compounds with x = 1 to 4, all hydrogen atoms are present in atomic form.
In HfH6, only three hydrogen atoms are in atomic form while the other three form an H3 unit. The H- Bader charge analysis reveals that in HfH10, the planar H10 unit accepts an amount of charge, e. g., ∼0.13 eper H atom, from nearby Hf atoms, which results in longer H-H distances compared to that in free H2 molecule (~0.74 Å) 33 . The additional electrons reside in the H-H antibonding orbital (σ * ) and therefore weaken the H-H bonding, thus increase the H-projected states of density (H-PDOS) at the Fermi level (εf). 
Evaluation of spectra and T c for various structures and pressure intervals
As previously shown for H3S 11 and LaH10 [15] [16] , hydrogen makes a large contribution to the total electronic density of states (DOS) at the Fermi level and this is a critical factor for the development of this phase's exceptional superconducting properties. To this end, the projected DOS (PDOS) of predicted stable HfHx hydrides were calculated and are illustrated in Fig. S7 and Fig. 3 (a). All compounds were found to be metallic with the absence of a band gap. For HfHx compounds with x = 1 to 4, the hydrogen contribution to the DOS is relatively low at the Fermi level, which results in moderate electron-phonon coupling (EPC). For HfH6 and P1 ̅ -HfH10, the total DOS at the Fermi level is low, due to orbital splitting during the formation of diatomic/triatomic hydrogen units in the structure.
Only the P63/mmc-HfH10 has both a large total DOS and significant hydrogen contribution to the DOS at the Fermi level [ Fig. 3(a) ], and therefore we focus on this structure. Remarkably, the PDOS of P63/mmc-HfH10 also exhibits van Hove singularities near the Fermi level, indicating a large EPC strength bound up with hydrogen phonon modes. It is useful to compare the electronic band structure near the Fermi level of the HfH10 to that of ZrH10, as shown in Fig. 3 (b) and (c). The two band structures have very similar shape, but the Fermi energy in ZrH10 is slightly lower than that of HfH10, which results in the van Hove singularities being shifted away from the Fermi level, and therefore a lower Tc in the former [see Fig. 3 (d) ]. The total DOS of H3S, LaH10, HfH10 and ZrH10 at 300 GPa are compared in Fig. 3 (e). One can see that HfH10 and LaH10 have a comparable density of electronic states at the Fermi level, and these are notably larger than those of ZrH10 and H3S. 
Isotope effect
Since the substitution of deuterium for hydrogen (H→D) affect the optical modes only, whereas the value of Tc is affected also by the acoustic modes, the value of the isotope coefficient and its closeness to the αmax = 0.5 reflects the relative impact of the high frequency optical modes on Tc and the interplay of the optical and acoustic modes. It is worth mentioning that the value of Tc would be reduced upon H→D substitution, since the high frequency hydrogen modes determine the value of the critical temperature in high-Tc hydrides. Thus, the isotope coefficient (α) was calculated to estimate the Tc of MD10 (Tc D ). As shown in Table S5 , the coefficients are 0. In summary, we have systematically explored the crystal structures, electronic properties and superconductivity of the Hf-H system under high pressure using ab initio computational methods, and found several stable hydrogen-rich phases with high superconducting Tc. A unique "penta-graphenelike" structure, P63/mmc-HfH10, was calculated to be stable, where the H-H distances lie between the values of the metallic phase and phase IV of solid hydrogen. Electron-phonon coupling calculations show that the hexagonal HfH10 is, potentially, a high temperature superconductor with estimated Tc of 213-234 K at 250 GPa. The high temperature superconductivity is attributed to the large contribution of H atoms to the total density of states at the Fermi level, and strong coupling of electrons on the Fermi surface with high frequency phonons. The same "penta-graphene-like" structure was also found to be adopted in ZrH10, ScH10 and LuH10 with estimated high Tc of 199-220 K, 134-158 K and 134-152 K at high pressure, respectively. We suggest that this "penta-graphene-like" structure, with planar H10 units, is critical in raising Tc in these new materials. Our results may therefore provide a rationale for searching for other new superconducting superhydrides at high pressure.
Methods
We carried out extensive structure searches [37] [38] [39] at pressures from 100 to 300 GPa, during which at least 15,000 structures were generated. Geometrical optimization calculations for Hf-H and Zr-H systems were performed using the Perdew-Burke-Ernzerhof generalized gradient approximation 40 density functional and the on-the-fly generation of ultrasoft pseudopotentials, as implemented in CASTEP code 41 . Phonon frequencies and zero point energies were calculated using the supercell approach 42 . The electron-phonon coupling parameters were computed within linear response theory; see the Supporting Information for further details.
Supporting Information For
Hydrogen "penta-graphene-like" structure stabilized via hafnium:
high-temperature conventional superconductor Electronic properties were calculated by means of the VASP code using a k-point mesh of 2π × 0.01 Å −1 . Electron localization function (ELF) 14 was computed to describe and visualize chemical bonds in multielectron systems, which can easily reveal atomic shell structure and core, binding, and lone electron pairs. The ELF value is in the range of 0-1. The upper limit ELF = 1 corresponds to perfect localization and the value ELF = 0.5 corresponds to electron gas-like pair probability. The crystal orbital Hamiltonian population (COHP) and integrated COHP (ICOHP) were also calculated using LOBSTER 15 , which is commonly used for differentiating covalent and non-covalent bonding in chemistry. And Bader charge analysis [16] [17] was performed to determine charge transfer.
The phonon and zero point energy calculations were carried out using the PHONOPY 18 Convergence tests gave us an appropriate kinetic energy cutoff of 90 Ry. Pseudopotentials were generated by a Troullier-Martins norm-conserving scheme 21 which is found to be particular efficient for systems containing first-row elements and transition metals. Self-consistent electron density and electron-phonon coupling were calculated by employing 12×12×18 k-mesh and 4×4×6 q-mesh for P63/mmc-MH10 (M = Hf, Zr, Sc and Lu). The superconducting transition temperatures Tc were calculated using the Allen-Dynes modified McMillan equation [22] [23] . The superconducting transition temperatures Tc were calculated using three different equations as follows [23] [24] [25] [26] .
Equations for calculating Tc and related parameters
In this section we will introduce the equations for calculating Tc of hydrides. The metallic hydrides which possess high Tc were considered as conventional superconductor (the superconductive mechanism is electron-phonon interaction). And the high Tc is mainly contributed to the metallic H atoms. In order to study influence of the forms (cages, penta-graphene-like and covalent compound) of H atoms in hydrides on Tc, we analysis the contribution of optical modes in the calculations of Tc, because of large difference in masses. As we know, the optical modes are determined by the hydrogen motion, whereas the acoustic modes correspond to the motion of heavy ion.
The Eliashberg equation for the pairing order parameter ∆( ) has the following form (at T = Tc) 24 :
Here, Z is the renormalization factor:
And is the Matsubara frequency: The EPC spectral function 2 ( ) is given by 23 :
is the phonon linewidth,
where Ω is the volume of the BZ, ], (S12) two separate correction factors f1 and f2 are given by 23 :
Here ̅ 2 is mean square frequency,
is the logarithmic average frequency and * is the Coulomb pseudopotential, for which we use the widely accepted range of 0.1-0.13. The and EPC constant λ were calculated as:
where is the mode EPC parameter 28 and ( ) is the weight of phonon mode at wave vector in the first Brillouin zone (BZ).
The phonon spectrum of hydrides contains acoustic and optical modes which is very broad because of the presence of light hydrogen ions. In order to study the behavior of H atoms, Gor'kov and Kresin (G-K) introduced the coupling constants opt and ac describing the interaction of electrons with optical and acoustic phonons, respectively [25] [26] .
where 1 is the maximum frequency for the acoustic modes, is the maximum value of frequency of the optical modes. The average values are defined as follows:
Then the generalized Eliashberg equation has the form:
For our predicted hydrides the ac << opt , we assume that: = + Δ , for Tc opt >> ∆Tc ac (S22)
Here the Tc 0 is defined as the transition temperatures by the interaction of electrons with optical phonons, for opt < 1.5:
].
For opt > 1.5:
Here the eff is defined as follows:
( ) = 1.5 exp(−0.28) .
The values of the isotope coefficient α and superconductive gap were calculated with: 
Structures and bond analysis of Hf-H system

MgH10 and ThH10
Figure S14. Phonon spectrum of P63/mmc-MgH10 and P63/mmc-ThH10 at 300 GPa. S16 and penta-graphene-like structures of H atoms. In the penta-graphene-like structure, the oscillation of H atoms and the Fermi surface is anisotropic, but in the cage which is cubic the Fermi surface is more isotropic. The anisotropy of penta-graphene-like structure has an effect on the frequencies of optical phonons (there are several phonon modes possessing obviously higher frequencies than others with less contribution) and the EPC strength along different momentum paths in the BZ, while the cages possess higher symmetry so the Tc of the cages is always higher than that of penta-graphene-like structure. Tc values were calculated with G-K equation at μ * = 0.1. Table S7 . Structural information of predicted hydrides. 
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